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1
SYSTEM AND METHOD FOR
CONTROLLING DOSING IN SELECTIVE
CATALYTIC REDUCTION CATALYST

TECHNICAL FIELD

This invention relates to vehicle exhaust systems having
selective catalytic reduction catalysts.

BACKGROUND

Selective catalytic reduction (SCR) of oxides of nitrogen
(NO,) by nitrogen compounds, such as ammonia or urea, can
be incorporated into mobile diesel internal combustion
engines such as heavy-duty truck and bus engines. Generally,
in the ammonia-SCR process, an aqueous water solution of
urea is injected into the exhaust gas stream of an engine. At
temperatures above 160° C., the urea begins to undergo
hydrolysis and thermal decomposition resulting in the pro-
duction of ammonia. The resulting mixture including urea/
ammonia and exhaust gases then passes to an SCR catalyst
such as platinum (Pt), vanadium, or zeolite, where the ammo-
nia reacts with NO, gases to form nitrogen gas and water.

SUMMARY

An engine assembly includes an exhaust system having a
first SCR catalyst, a second SCR catalyst in fluid communi-
cation with the first SCR catalyst, and an injector configured
to inject reductant into the exhaust system. A controller is
configured to estimate a first amount of ammonia stored in the
first SCR catalyst and to estimate a second amount of ammo-
nia stored in the second SCR catalyst. The controller is opera-
tively connected to the injector and configured to control the
amount of reductant injected by the injector. The controller
controls the injector based on the first amount, the second
amount, and a temperature of a substrate disposed in the
second SCR catalyst.

A corresponding method is also provided.

The above features and advantages and other features and
advantages of the present invention are readily apparent from
the following detailed description of the best modes for car-
rying out the invention when taken in connection with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a functional block diagram of an example engine
system according to the principles of the present disclosure;
and

FIG. 2 is a flowchart illustrating an example control
method according to the principles of the present disclosure.

DETAILED DESCRIPTION

Referring to FIG. 1, a compression-ignition engine 10 is
schematically depicted. The engine 10 includes an engine
block 14 defining a plurality of cylinders, only one of which
is shown at 18. The engine 10 further includes a plurality of
pistons, only one of which is shown at 22. Each piston 22 is
positioned within a respective one of the cylinders 18 for
reciprocal translation therein between a top dead center posi-
tion and a bottom dead center position, as understood by those
skilled in the art.

Each piston 22 is operatively connected to a crankshaft 26
via a respective connecting rod 30 such that the reciprocal
translation of each piston 22 causes rotation of the crankshaft
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26 and vice versa. Each cylinder 18 includes a respective
intake port 34 and a respective exhaust port 38 formed by a
cylinder head. Each intake port 34 is in selective fluid com-
munication with an intake plenum or manifold 42 of an air
intake system 44 via a respective runner 46 to receive an
intake charge including air 47 and, optionally, recirculated
exhaust gas (EGR). Each exhaust port 38 is in selective fluid
communication with an exhaust manifold 50 via a respective
runner 54, as understood by those skilled in the art.

Each cylinder 18 has a respective intake valve 58 associ-
ated therewith. Each intake valve 58 is movable between an
open position in which the cylinder 18 associated with the
intake valve 58 is in fluid communication with the plenum 42
via its respective intake port 34, and a closed position in
which the intake valve 58 obstructs a respective one of the
intake ports 34 thereby to prevent fluid communication
between the cylinder 18 associated with the intake valve and
the plenum 42.

Similarly, each cylinder 18 has a respective exhaust valve
62 associated therewith. Each exhaust valve 62 is movable
between an open position in which the cylinder associated
with the exhaust valve is in fluid communication with the
exhaust manifold 50 via its respective exhaust port 38, and a
closed position in which the exhaust valve 62 obstructs a
respective one of the exhaust ports 38 thereby to prevent fluid
communication between the cylinder 18 associated with the
exhaust valve and the exhaust manifold 50.

As understood by those skilled in the art, a fuel injector 66
is configured to inject fuel 70 into the cylinder 18 for com-
bustion therein. The fuel injector 66 is in fluid communication
with a fuel rail 72 that contains pressurized fuel 70. The
products of combustion, i.e., exhaust gas 74, are expelled
from the cylinder 18 through the exhaust port 38 during the
exhaust stroke of the piston 22. The exhaust gas 74 is trans-
mitted by the runner 54 to the exhaust manifold 50.

During an intake stroke, the intake valve 58 is open, and the
piston 22 moves from its top dead center position to its bottom
dead center position, thereby drawing air 47 into the cylinder
18 through the intake port 34. During a subsequent compres-
sion stroke, the piston 22 moves from its bottom dead center
position to its top dead center position, thereby compressing
the air 47 (intake and exhaust valves 58, 62 are closed during
the compression stroke). The fuel injector 66 injects the fuel
70 into the cylinder 18 when the piston 22 is at or near top
dead center, generating pressure and forcing the piston 22 to
its bottom dead center position during an expansion stroke.
After the expansion stroke, the piston 22 returns to its top
dead center position during an exhaust stroke, thereby forcing
the exhaust gases 74 out of the cylinder 18 through the
exhaust port 38 past the opened exhaust valve 62.

The manifold 50 is part of an exhaust system 78 configured
to convey the exhaust gas 74 from the engine 10 and to modify
the chemical composition of the exhaust gas 74. The exhaust
system 78 includes an exhaust conduit 82 that defines a pas-
sage 86. The exhaust system 78 further includes a selective
catalytic reduction (SCR) system 90, which includes a first
SCR catalyst 94 and a second SCR catalyst 96. Passage 86
provides fluid communication between the manifold 50 and
the first SCR catalyst 94 such that the conduit 82 conveys
exhaust gas 74 from the engine 10 to the SCR catalyst 94.
Conduit 98 defines a passage 100 that provides fluid commu-
nication between the first SCR catalyst 94 and the second
catalyst 96.

It should be noted that the engine 10 may include a two-
way catalyst (not shown) between the exhaust manifold 50
and the first SCR catalyst 94. In the embodiment depicted, the
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first catalyst 94 is a selective catalytic reduction filter (SCRF),
i.e., a particulate filter with an SCR coating.

The SCR system 90 includes a tank (not shown) for storing
a reductant 102, such as urea. A reductant injector 104 is
configured to inject reductant 102 from the tank into the
passageway 86 upstream of the first SCR catalyst 94. A pump
(not shown) may be employed to transmit reductant 102 from
the tank to the injector 104. The reductant 102 is employed to
convert oxides of nitrogen (NO,) in the exhaust gas 74 into
diatomic nitrogen and water.

ANO, sensor 110 is configured to determine the amount of
NO, (oxides of nitrogen) in the exhaust gas 74, e.g., in parts
per million. An electronic controller 114, namely the engine
control unit (ECU), is operatively connected to the injector
104 for controlling the amount of reductant 102 that is
injected by the injector 104. The NO, sensor 110 is opera-
tively connected to the electronic controller 114 to transmit
thereto signals indicative of the amount of NO, in the exhaust
74.

The mass flow rate of air flowing into the intake manifold
42 is measured using a mass air flow (MAF) sensor 118,
which is operatively connected to the controller 114 to com-
municate the mass air flow rate thereto. A first exhaust gas
temperature sensor 122 is disposed at or near the inlet of the
first SCR catalyst 94, e.g., in the passageway 86. A second
exhaust gas temperature sensor 124 is disposed at or near the
inlet of the second SCR catalyst 96, e.g., in the passageway
100.

The temperature of a selective catalytic reduction (SCR)
catalyst affects the efficiency of reactions within the SCR
catalyst that reduce nitrogen oxide and affects the ability of
the SCR catalyst to store ammonia. When the temperature of
an SCR catalyst is low, such as less than 144 degrees Celsius
(° C.), the efficiency of reactions that reduce nitrogen oxide
within the SCR catalyst approaches zero. Thus, even if the
SCR catalyst contains ammonia, the ammonia does not react
with and reduce nitrogen oxide. When the temperature of an
SCR catalyst is high, such as greater than 400° C., the SCR
catalyst is unable to store ammonia.

The temperature of the SCR catalyst is affected by the
distance between the engine and the SCR catalyst. The dis-
tance between the engine and an SCR catalyst that is disposed
immediately downstream from a two-way catalyst may be
relatively short. Therefore, the temperature of the SCR cata-
lyst may be too low to effectively reduce nitrogen oxide only
when the engine is initially started.

The controller 114 is configured to perform a method in
which the controller estimates a first amount of ammonia
stored in the first SCR catalyst 94 and a second amount of
ammonia stored in the second SCR catalyst 96. The second
SCR catalyst 96 is disposed downstream from the first SCR
catalyst 94. The first and second amounts may be estimated
based on the temperature of exhaust gas flowing through the
SCR catalysts 94, 96. A multiplier is determined based on the
temperature of the second SCR catalyst 96. An effective
amount of ammonia stored in the SCR catalysts is estimated
based on a sum of the first amount and a product of the
multiplier and the second amount. The effective amount rep-
resents the amount of ammonia that is effectively reducing
nitrogen oxide in the SCR system 90.

Estimating the amount of ammonia stored in the SCR
catalysts based on the temperature of exhaust gas flowing
through the SCR catalysts accounts for declines in the ability
of the SCR catalysts to store ammonia at high temperatures.
Estimating the effective amount of ammonia stored in the
SCR catalysts using the multiplier accounts for reductions in
the reaction efficiency of the second SCR catalyst at low
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temperatures. If more than one SCR catalyst is disposed
downstream from another SCR catalyst, a multiplier may be
applied to the estimated amount of ammonia stored in each
SCR catalyst that is disposed downstream from another SCR
catalyst

The controller 114 uses the effective amount of ammonia
to control the injector 104; that is, if the effective amount of
ammonia is too low, i.e., below a predetermined amount, then
the controller 114 causes the injector 104 to inject additional
reductant 102 into the exhaust system 78 upstream of the first
and second SCR catalysts 94, 96. If the effective amount of
ammonia is sufficiently high, then the controller 114 does not
cause the injector 104 to inject additional reductant into the
exhaust system 78.

FIG. 2 is aflow chart depicting the method employed by the
controller 114. Referring to FIGS. 1 and 2, at step 200 the
controller 114 determines a mass flow rate of exhaust gas 74
from the engine 10 through the exhaust system 78. The con-
troller 114 determines a mass flow rate of exhaust gas 74 from
the engine 10 based on a mass flow rate of air entering the
engine 10 and a fueling rate of the engine 10. The controller
114 may receive the mass flow rate of air from the MAF
sensor 118. The controller 114 may receive the fueling rate
from a fuel meter that determines mass flow rate of fuel
through the fuel rail 72. The mass flow rate of exhaust gas 74
may be based on a sum of a mass flow rate of air entering the
engine and a fueling rate of the engine.

At step 204, the controller 114 determines nitrogen oxide
levels in the exhaust gas 74. The controller 114 may deter-
mine the nitrogen oxide level based on input from the NOx
sensor 110. At step 208, the controller 114 estimates a first
amount of ammonia stored in the first SCR catalyst 94. The
controller 114 may estimate the first amount based on the
mass flow rate of exhaust gas (determined at step 200), the
nitrogen oxide levels (determined at step 204), and the tem-
perature of exhaust gas 74 entering the first SCR catalyst 94.
The temperature of exhaust gas 74 entering the first SCR
catalyst 94 may be measured (e.g., by sensor 122) or esti-
mated.

At step 212, the controller 114 estimates a second amount
of ammonia stored in the second SCR catalyst 96. The con-
troller 114 may estimate the second amount based on the mass
flow rate of exhaust gas (determined at step 200), the nitrogen
oxide levels (determined at step 204), and the temperature of
exhaust gas entering the second SCR catalyst 96. The tem-
perature of exhaust gas entering the second SCR catalyst may
be measured, e.g., by sensor 124, or estimated. The controller
114 may also estimate the nitrogen oxide and ammonia levels
in exhaust gas exiting the first SCR catalyst 94 and use those
values in determining the second amount of ammonia stored
in the second SCR catalyst 96.

At step 216, the controller 114 estimates the temperature of
a substrate disposed in the second SCR catalyst 96. The
controller 114 may estimate the substrate temperature based
on the temperature of exhaust gas entering the second SCR
catalyst 96 (measured by sensor 124) and the mass flow rate
of'exhaust gas 74. The controller 114 may increase the rate at
which the substrate temperature is adjusted in response to a
change in the temperature of exhaust gas 74 when the mass
flow rate of exhaust gas increases.

At step 220, the controller 114 determines a multiplier
based on the substrate temperature. The controller 114 may
set the multiplier equal to zero when the substrate tempera-
ture is less than a first temperature (e.g., 150° C.). The con-
troller 114 may set the multiplier equal to one when the
substrate temperature is greater than a second temperature
(e.g., 200° C.). The first and second temperatures may be
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predetermined. The controller 114 may adjust the multiplier
in a linear or nonlinear manner as the substrate temperature
transitions between the first temperature and the second tem-
perature.

At step 224, the controller 114 estimates an effective
amount of ammonia stored in the first catalyst 94 and the
second catalyst 96. The effective amount represents the
amount of ammonia stored in the first and second SCR cata-
lysts 94, 96 that effectively reduces nitrogen oxide. The con-
troller 114 may determine a product of the multiplier and the
second amount, and then set the effective amount equal to a
sum of the first amount and the product.

At step 228, the controller 114 inquires whether the effec-
tive amount is greater than a predetermined amount. If the
effective amount is greater than a predetermined amount, the
controller proceeds to step 232. At step 232, the controller 114
does not cause the injector 104 to inject reductant into the
exhaust system 78, and/or causes the injector 104 to cease
injecting reductant 102. If the effective amount is less than the
predetermined amount, the controller 114 proceeds to step
236. At step 236, the controller causes the injector 104 to
inject reductant 102 into the exhaust system 78.

While the best modes for carrying out the invention have
been described in detail, those familiar with the art to which
this invention relates will recognize various alternative
designs and embodiments for practicing the invention within
the scope of the appended claims.

The invention claimed is:

1. An engine assembly comprising:

an exhaust system having a first SCR catalyst, a second

SCR catalyst in fluid communication with the first SCR
catalyst, and an injector in fluid communication with a
reductant and configured to inject a reductant into the
exhaust system; and

a controller configured to estimate a first amount of ammo-

nia stored in the first SCR catalyst and to estimate a
second amount of ammonia stored in the second SCR
catalyst;

wherein the controller is configured to determine a multi-

plier based on a temperature of a substrate disposed in
the second SCR catalyst;

wherein the controller is operatively connected to the injec-

tor and configured to control injection of the reductant
by the injector based on an effective amount of ammonia
stored in the first and second SCR catalysts;

wherein the controller is configured to determine the effec-

tive amount of ammonia stored in the first and second
SCR catalysts based on a sum of the first amount of
ammonia and a product of the multiplier and the second
amount of ammonia; and

wherein the controller is configured to send a control signal

to the injector to inject reductant into the exhaust system
when the effective amount of ammonia is below a pre-
determined amount, and to not send a control signal,
thereby not causing the injector to inject reductant into
the exhaust system, when the effective amount of ammo-
nia is greater than the predetermined amount.

2. The engine assembly of claim 1, wherein the controller
estimates the first amount of ammonia based on a temperature
of'exhaust gas entering the first SCR catalyst and a mass flow
rate of exhaust gas flowing through the first SCR catalyst.

3. The engine assembly of claim 1, wherein the controller
estimates the second amount of ammonia based on a tempera-
ture of exhaust gas entering the second SCR catalyst and a
mass flow rate of exhaust gas flowing through the second SCR
catalyst.
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4. The engine assembly of claim 1, wherein the controller
estimates the first amount of ammonia and the second amount
of ammonia based on input received from a nitrogen oxide
sensor disposed upstream from the first SCR catalyst.

5. The engine assembly of claim 1, wherein the multiplier
is equal to zero when the temperature of the substrate is less
than a first temperature and the multiplier is equal to one when
the temperature of the substrate is greater than a second
temperature.

6. The engine assembly of claim 5, wherein the first tem-
perature is 144 degrees Celsius and the second temperature is
200 degrees Celsius.

7. A method of controlling an engine assembly comprising
an exhaust system and a controller, the method comprising:

estimating, via a controller, a first amount of ammonia

stored in a first selective catalytic reduction (SCR) cata-
lyst;

estimating, via the controller, a second amount of ammonia

stored in a second SCR catalyst;

wherein the exhaust system comprises the first SCR cata-

lyst, the second SCR catalyst in fluid communication
with the first SCR catalyst, and an injector in fluid com-
munication with a reductant and configured to inject a
reductant into the exhaust system;

determining, via the controller, a multiplier based on a

temperature of a substrate disposed in the second SCR
catalyst;

controlling injection of the reductant by the injector, viathe

controller being operatively connected to the injector,
based on an effective amount of ammonia stored in the
first and second SCR catalysts;

determining, via the controller, the effective amount of

ammonia stored in the first and second SCR catalysts
based on a sum of the first amount of ammonia and a
product of the multiplier and the second amount of
ammonia; and

sending, via the controller, a control signal to the injector to

inject reductant into the exhaust system when the effec-
tive amount of ammonia is below a predetermined
amount, and not sending a control signal, thereby not
causing the injector to inject reductant into the exhaust
system, when the effective amount of ammonia is
greater than the predetermined amount.

8. The method of claim 7, further comprising estimating
the first amount of ammonia based on a temperature of
exhaust gas entering the first SCR catalyst and a mass flow
rate of exhaust gas flowing through the first SCR catalyst.

9. The method of claim 7, further comprising estimating
the second amount of ammonia based on a temperature of
exhaust gas entering the second SCR catalyst and a mass flow
rate of exhaust gas flowing through the second SCR catalyst.

10. The method of claim 7, further comprising estimating
the first amount of ammonia and the second amount of ammo-
nia based on input received from a nitrogen oxide sensor
disposed upstream from the first SCR catalyst.

11. The method of claim 7, wherein the multiplier is equal
to zero when the temperature of the substrate is less than a first
temperature and the multiplier is equal to one when the tem-
perature of the substrate is greater than a second temperature.

12. The method of claim 11, wherein the first temperature
is 144 degrees Celsius and the second temperature is 200
degrees Celsius.



